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. METHOD OF SYNTHESIZING HARD MATERIAL

CROSS-REFERENCE TO RELATED |
APPLICATIONS

This is isa dmsmnal of U.S. patent apphcatlon Ser. No.

07/584912 filed: Sep 18 1990 now US Pat. No.
5,242, 663 - | | _ |

FIELD OF THE INVENTION -

sizing a hard material, such as diamond or cubic boron

5,436,036;

10
The present invention relates to a method of synthe-

" nitride, which is used in connection with tools thermal -

conductors, or as semiconductor material. More partic-

ularly, the invention relates to a method of homoge- -

15

neously vapor-phase synthesmng a hlgh-quahty hard

material at a high rate over a: wide area.

BACKGROUND INFORMATION

‘Hard matenals such as diamond, cubic boron nitride
- and wurtzite boron nitride are widely apphied to tools

20

such as cuttlng tools, wear-resistant components, abra-

sive grains and the like due the high hardness of these
- material. These materials are also applied to heat radia-

‘tion substrates for semiconductor elements due to their

high thermal conductivity. Further, research has been
made in order to apply these materials to optical ele-

~ ments and semiconductor matena.ls for effectuatmg the
- light transmissivity thereof.

- These materials, which are stable under high pressure

as high pressure phase materials, were initially artifi-

- cially synthesized only under superhlgh pressure. Vari-
- ous methods have been recently developed for synthe-

~ sizing such hard materials, including diamond, from

decompressed vapor phases. Among such methods of
‘vapor-phase synthesizing hard materials, a microwave
plasma CVD process of generating plasma by micro-
~waves for deeomposmg gas and depositing a hard mate-
rial on a substrate is an excellent method which can

- synthesize a hard material of high purity. Japanese Pa-
~ tent Laymg-—Open Gazettes Nos. 58-110494, 59-3098

and 59-63732, and U.S. Pat. No. 4,434,188 disclose
methods for synthesizing hard matenals thmugh the
- microwave plasma CVD process.

FIG. 1 shows a conventional apparatus for vapor—
phase synthesizing diamond through microwaves. This
apparatus will now be schematlcally described.

Referring to FIG. 1, microwaves oscillated by a mag- N

- netron oscillator 1 are applied to a substrate 8, which is
placed on a support 7 provided in a reaction tube 6,

through an isolator 2, a power monitor 3, a tuner 4, and

25

| 2 |

- As shown in FIG. 1, the raw material gas is intro-
duced into and exhausted from the apparatus along
arrows A and B, respectively.

Japanese Patent Laying-Open Gazette No. 61-174378
or the like also discloses a method of synthesizing cubic
boron nitride through such a mlcrowave plasma CVD
apparatus. -

In general, electromagnetic waves in a frequency or
range of of 300 MHz to 300 GHz are called micro-
waves. The electromagnetic waves of this frequency
domain are easily absorbed by molecules, and have
wavelengths of 1 m to 1 mm, which are short compared
to the size of a reaction tube. Thus, it is possible to
efficiently generate plasma in gas under a wide range of

pressures. Further, the microwaves of this frequency

domain can efficiently supply electric power through a
waveguide having a practical size of not more than
scores of centimeters, with smaller problems of loss and

“leakage in a supply path of a coaxial cable etc., dissimi-

larly to waves of a lower frequency domain.

However, a method of and an apparatus for synthe-
sizing a hard material through the aforementioned con-
ventional microwave plasma CVD apparatus have the
following problems |

While microwaves of 2.45 GHz in frequency are
widely industrially employed, standing waves are
caused 1n a cycle of a half-wave length thereof if the
microwaves are trapped in a reaction tube. Thus,

~ plasma is heterogeneously generated in response to a

- 30

strength distribution of the standing waves. Therefore,
it 1s impossible to homogeneously generate plasma over

~ a wide area for synthesizing a hard material.

The microwaves have such a property that the same

can stably generate plasma under a higher gas pressure
35
frequency thereof is increased. When the frequency of

and improve the growth rate of the hard material as the

the microwaves is thus increased, however, the wave-

length is shortened whereby areas where large ampli-

- 45

tude portions of the standing waves occur, are reduced.
In order to improve such growth heterogeneity in the

- vapor synthesis of a hard material, there has been re-
ported a method of applying a dc magnetic field for

controlling the streamline of plasma and a method of

reducing the gas pressure in a reaction tube, in Japanese
Patent Laying-Open Gazette No. 63-107899. In any of

~ these methods, however, the mean free paths of active

20

a waveguide 5. Raw material gas, which is prepared by

- mixing methane gas, hydrogen etc. ata prescribed ratio,
- for example, is introduced through a gas inlet port 9 and
exhausted from an exhaust port 10 by a pump (not

shown). The discharge of the raw material gas is so
- adjusted that a prescribed pressure 1s maintained in the

55

reaction tube 6. Plasma 11 is generated by the energy of

the microwaves, to form diamond on the substrate 8. A 60

- cooling water supply tube 13 supplies an applicator 12
~ with coolmg water, which in turn is discharged from a -

- _'coohng water discharge tube 14, in order to prevent an

- excessive heating of the reaction tube 6.

The waveguide 5 unplements optimal condltlons of 65

~ compatibility by movement of a plunger 15 or acl_]ust- .

- ment of the tuner 4 in response to the wavelength of the
| 'mtroduced mlcrowaves

molecule species and electrons contained in the plasma

- must be kept long. Thus, the gas pressure in the reaction
- tube must be reduced to not more than 10 Torr, and the

hard material is grown at an extremely slow rate of less

than 1 pm/h.

Thus, the conventional method of synthesizing a hard
material such as diamond by the plasma CVD process
has been significantly restricted in growth area and
growth rate, and it has been difficult to mass—synthesu:e

the hard material.

SUMMARY' OF THE INVENTION

It is an object of the present invention to provide a
‘method of and an apparatus for vapor-phase synthesiz-
ing a hard material, such as diamond, cubic boron ni-
tride or wurtzite boron nitride on the surface of a wider
area substrate at a higher growth rate by enabling the
generation of hlgh-concentratlon plasma over a wider
range than possible in the prior art.

The present method of synthesizing a hard material is
- adapted to vapor-phase synthesizing a hard material by
supplying raw material gas into a reaction tube and



o "hard materlal

o frequency of ‘microwaves,- refer to U.S. Pat. No.:

- microwaves wlueh are gmded bya wavegulde depend

- on the: conﬁguratlon of the waveguide.. The counter
o electrodes must necessanly be arranged. vertlcally or
 rather perpendleularly to the direction (c) of the elec-

R 5 ¢ (¢ ﬁelds of the microwaves, so that strong electric

- fields can be generated between the counter electrodes.
~ Further, the microwaves must be with the electrodes.

~ sizing a hard material compnses a reaction tube, means

S _.':preferably at: least 5 mm, in order to facﬂltate the ﬂow

| mtroducmg microwaves of a prescrlbed frequency, ie.

the magnetron source frequency, into a region of the .
~ reaction tube for causing a synthesizing reaction of the =

- hard material along a prescribed direction.’ For per-
- forming this: synthesrzmg method, at least two plate 5
- electrodes are ‘oppositely arranged in parallel vertically

' or rather perpendrcularly to.the electric fields (arrow
- C)of the microwaves and plasma is excited between the =
- plate: electrodes for the vapor-phase synthesrzmg of a

Accordmg to thls method of synthesrzmg a hard
: matenal it is pos51ble to introduce microwaves: of high

~electric power into the reaction tube by a waveguide at. '

~asmall loss, as shown by the examples described below '

o .léi"--ent from the following detailed desenptlon of the pres-
- strong electric fields between the opposite plate elec- ~ent invention when taken in conjunctlon w1th the ac-

o COmpanylng drawmgs
 stable under a higher reaction pressure, and homogene- o

o _ous over a wider area than achieved in the prior art.
RIS A.lthough the present method of synthesrzmg a hard o
 material is similar to a syntheslzmg method employmg a .

- and to homogeneously and stably distribute or maintain

~ trodes. The plasma generated by the electric fields is -
| .plane-parallel plate electrode type plasma CVD appara-

- tus; using a high frequency which is lower: than the

100 Torr in a frequency domain lower than that of the

by impedance non-conformrty at an mlet port for- the |

E reactlon tube | | 35

‘The apparatus accordmg to the invention for synthe-'i. :

- hard material. ‘According to the present apparatus, the

It is possible :to . provide any | sultable number of

SR ;counter electrodes exceeding two. Such a large number -
~of counter: electrodes themselves may serve as base.

~ materials for growing the hard material, or a base mate-

~ rial may be arranged between each' nelghbonug parr of 60'1
~ ‘these electrodes, so that the hard matenal can be grown
' over a wider area. Thus, the yield of the hard material |

~ can be increased. ‘Alternatively, fine particles can be

S _arranged between the counter electrodes as base materi-
~ als, thereby 33511}' synthesrzmg abraswe grams of the 65
- hard material.

The distance between the 0pposu;e plate electrodes is

S, 436 036
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of reactlon gas. More preferably, the dlstanee 1s not'

'more than the wavelength of the microwaves. S
- At least the reaction tube 6 is made of an electrlcally'j s
msulatmg material such as: quartz alununa, beryllia or

boron nitride, which has small microwave transmlssmn -
loss. The plate electrodes are preferably made of a heat-

resistant metal material having a high microwave re- S

- flection factor, such as SUS, Mo or W, for example. If :

" the plate electrodes also serve as the base materials for -

10 srowing the hard material, the: base materials for the = '
- plate electrodes -are prepared by using a conductive
o 'matenal such as a metal or semiconductor materlal |

These and other objects, features, aSpects and advan- | o '

tages of the present invention will become more appar-

BRIEF DESCRIPT ION OF THE DRAWINGS

FIG.1isa sectlona] view. typlcally showing a con- |
ventional vapor synthesizing apparatus employed for .
| 'vapor-phase synthesrzmg diamond; | I
. FIG. 2 is a sectional view typically showmg an appa- con

| 95 ratus of the invention for synthesizing a hard materla.l .
- 4,414,085, for example, it is difficult to stably generate a <~ |

~ strong plasma under a relatively high pressure of at least

employed in Example 1 of the invention;

"FIG. 3 is a sectional: view typrcally showmg the .

- o _structure of an apparatus of the invention for synthesiz-

- 'microwaves, and this method is improper for the syn- -
~« thesis of a hard material. When the frequency used is --30-
~ below the range of microwaves, further significant =
. problems are caused such as loss in an inlet path fora

coaxial’ cable etc. including a power reflection caused

-inga hard materral employed in Example 3 °f the inven-:

tlon

FIG 4 is a seetlonal view typlcally showmg the o
structure of an apparatus of the invention for synthe51z- .

ing a hard material employed in Example 4 of the inven- |
tion; and . = -
~FIG.S5isa sectlonal vlew taken along the lme D—D

.mFIG4

DESCRIPTION OF THE PREFERRED
o EMBODIMENTS . |
EXAMPLE 1

Accordmg to the present invention, a hard materlal is

'Vapor-phase synthesized ' by the present apparatus =~
shown in FIG. 2. Referring to FIG. 2, microwaves: 18

45 are first applied through a waveguide 5 to'a space de- -

- for supplying raw material gas into the reaction tube,

~ and means for: generatmg plasma by mtroducmg micro-
 wavesina prescnbed direction in the vicinity of a base -
~ material provided in the reaction tube for depositinga

~ fined between two base materials 172 and 176 whichare .
- oppositely placed on a support 16 provided inareaction =
- tube 6. 'While no detail of microwave generatlon means =
is shown in FIG. 2, the microwaves 18 are oscillated by - °
59 magnetron oscillator 1 shown in FIG. 1 and intro-
o :_'.';"reactlon tube is provided with at least two plate elec—*‘
~ trodes which are arranged in parallel to each other and
Co "-vertlca]ly or rather perpendtcularly to electric fields of
' the microwaves through a region prowded w1th abase -

L material for depositing the hard material.

‘duced into the reaction tube 6 through an isolator 2,a .~
- power monitor 3, a tuner 4 and the waveguide 5, simi-

larly to the conventional. apparatus shown in FIG. 1.1
The two base materials 17z and 17, which are made S

-55';'_. of srhcon forms substrates to be: coated and,

of two flat plates.' A cooling water supply tube 13

| supphes an applicator 12 with eoolmg water, which in - ) :; . -
-turn is discharged from a coolmg water discharge tube o
- 14 in order to prevent excessive heatrng of the support S

are ar-
" ranged vertically or rather perpendlcularly to the dlree-' S
ff’tlon (shown by arrows C) of electric fields of the micro-

- waves 18, to serve as counter electrodes which establish =~

~ a homogenous and stable electric field between these
electrodes. Plasma 11'is generated by the microwaves =~
- 18 which are introduced between the base materials 174~~~
and 175, Whereby raw material gas is vapor-phase syn-

. theslzed to simultaneously form hard material filmson

- the base materials 174 and 175, for example in the form =~



5 .

16. Arrows A and B mdlcate the introduction and ex-
haustlon, respectively of raw material gas,

Such an apparatus was employed in Examﬂe I for-

5,436,036
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- view taken along the line D—D in FIG. 4. As shown in

| synthesizing diamond under the followmg operating
conditions: The reaction tube 6 had an lnner diameter of 5

60 mm. The base materials 17a and 17b were prepared

as silicon discs having a diameter of 50 mm and a thick- -

- ness of 3 mm. The spacing between the discs was 25

mm. A reaction gas containing Hy and CHj in the ratio

- 10:2, was supplied into the reaction tube 6, as shown by

 FIG. 5, the quartz jig 20 has small partition plates 21, so

that diamond abrasive grains 22 provided in its interior

‘as base materials can be stirred by rotating the quartz jig

20 about a shaft 23, which is coaxial with a reaction tube
6, along an arrow E. The raw materlal gas enters into -

the jig 20 through holes 20A.
Such an apparatus was employed for vapor-phase

| synthesutmg diamond under conditions identical to

10

- arrow A discharge of the reaction gas, arrow B, was so
-adjusted that the pressure in the reaction tube 6 was 60
Torr. The input power of the microwaves was 600 W.

 Asaresult, diamond films were formed on both of the
base materials 17a and 175 over ranges of 40 mm in

diameter at a high growth rate of 5 pm/h. Such an

~effective result was obtained since the plasma 11 was

15

concentrated in the region of between the plates of the

. base materials 172 and 175.

Although the base matenals 17a and 17b are made of 20

 silicon in Example 1, a material for such base materials
-~ 17a and 17b, also serving as counter electrodes, in the

~ form of plate electro may alternatively be made of a
~carbon material, a conductive metal material, or a semi-
25
example. Such a base material may be applied onto the
surface of an insulating material which insulates the

~ conductor material other than Si, such as SiC or Ge, for

those of Example 2. As the result, the diamond abrasive
grains of 100 um in diameter, which were provided in

-the quartz jig 20, were grown into particles of 200 um
‘In diameter within one hour.

EXAMPLE 5
Similarly to Example 1, the apparatus shown in FIG.

‘2 was employed and three silicon discs having a diame-

ter of 50 mm and a thickness of 3 mm were arranged as
base materials vertically to the direction C of electric
fields of microwaves 18 under the same conditions, of

- reaction gas and microwaves as in Example 1. Diamond
- was synthesized under pressure of 20 Torr whereby the
- overall base materials were covered with plasma.

plate electrodes 17a, 17 from the wavegmde 5 which

introduces the mlcrowaves 18 into the reglon between"_
| 30

said plate electrodes 17a, 17b.

Carbon source gas serving as the reaction gas may be

prepared of hydrocarbon other than CHyj, alcohol, ke-

tone or the like. Alternatively, solid- be
. ¥ rnatively, solid carbon may be ‘neously form diamond films on all of three or more base

decomposed In a vapor phase to be supplled as a raw
. material. - |

EXAMPLE 2

The apparatus employed in Example 2 and the actual
~ operating conditions were substantially the same as

- 35
~ thereby increasing the amount of generation of

As the result, diamond films were formed over the
entire surfaces of the base materials 50 mm in diameter

‘at a growth rate of 0.2 um/h.

When the pressure was increased to 40 Torr, the

‘mean growth rate of diamond was reduced to 0.05

pm/h. When the pressure was further increased to 50
Torr, diamond was merely partlally grown on the base

| materials.

Aceordmg to Example 5, it was possible to homoge-

materials under pressure of not more than 40 Torr,

~ diamond.

those of Example 1. Example 2 was different from Ex- 40
ample 1 in that the reaction gas containing Hy and CH;
in the ratio 100:2 was supplied and Ar was added to the

same while its discharge was so adjusted as to increase -

.the pressure in a reaction tube 6, to 100 Torr.

- As the result, it was possible to synthesu:e diamond_

 films at a growth rate of 10 um/h.

45

While carbon source gas and hydrogen were mixed
to prepare the raw material gas and inactive gas was
further added thereto in the aforementioned Examples,

the known fact has been experimentally confirmed that

the quality of diamond is improved with an increase of
transmissivity of the synthesized diamond etc. by em-

ploying or adding 2 material containing oxygen as or to

the raw material gas. The invention also effectively uses

~this fact. The material containing oxygen can be pre-

A similar effect can ‘be obtained by addmg mactwe.-_
- gas such as He, Ne, Kr, Xe or Rn in place of Ar for

smularly stahllmng the plasma 11.
EXAMPLE 3

50

As shown in FIG. 3, mMiCrowaves were: supplled to
two portions of one reaction tube 6 with an input power

- of 600 W, to vapor-phase synthesize diamond films on
‘two pairs of base materials 172 and 17 under conditions

identical to those of Example 1. As the result, it was
possible to synthesize diamond films on the base materi-
‘als 17a and 17b over ranges of 30 mm in dlamcter ata

rate of 5 pm/h.
| EXAMPLE 4

Example 4 was carried out in an apparatus shown in

55

FIG. 4, illustrating a reaction tube 6 and microwave

- generation means of the same construction as in Exam-

ple 1. In'Example 4, no base materials were employed as
counter electrodes but a quartz jig 20 was formed by a

pared of alcohol, ketone, ether, Oy, H,0, CO, CO»,
NO,, NO, O3 or the like, for example.

EXAMPLE 6
- A synthesizing apparatus similar to that shown in

- FIG. 1 was employed and two Si base materials were
‘arranged also similarly to Example 1. A reaction gas

containing Hs, Ar, NH3 and B>H in the ratios
100:40:10:3 was supplied and the pressure was main-
tained at 25 Torr. Microwaves of 800 W were intro-
duced into the reaction gas and reaction was caused for
20 hours, whereby films of a hard material were grown

- on both base materials over ranges of 25 mm in diame-

ter. The central portions of the hard material films had
a maximum thickness of 7 um. The crystal structure of
this hard material was examined by X-ray diffraction,
whereby it was found that the material was made of

- cubic boron nitride.

65
- and illustrated in detail, it is clearly understood that the

cylmdncal member having counter electrodes 19 and

o | 195 on both end surfaces thereof FIG Sisa sectlona.l

Although the present invention has been described-

‘same is by way of illustration and example only and is
- not to be taken by way of limitation, the spirit and scope



C of the present 1nvent10n bemg limited. only by the terms

N ef the appended elauns |
- What is claimed is: =~

- 1A methed of vapoerhase synthesmng a hard mate- |
~ rial selected from the group consisting of diamond, ::_
-~ . cubic boron nitride and wurtzite boron: mtnde ona base -

- material, compnsmg the followmg steps:

5 436 036

4. The method of elalm 1, ‘wherein 2 gas contammg )

: oxygen is employed as said raw material gas.

© (a) forming a reaction space between at least two

- toeach other 1n a reaction tube, |

- space,

o (c) generatmg microwaves havmg a partlcular micro- - 5

-wave frequency, and

(d) mtroducmg said . microwave 1nto sald reacuon
SR spacein a partlcular direction relative to said elec- - o
o _._'trodes such that an electric field of said micro-

- waves is directed perpendlcularly to said elec-
' trodes, for generating a plasma and causing a vapor

- phase synthesizing reaction to form said hard mate-

- 2.The method of claim 1, further comprising forming :?25
el sa:d plate electrodes as silicon plates Wthh form said °

- base material for said synthesizing. -

- gas for preparing said raw material gas, wherein: said

o o hard matena] bemg synthesmed is diamond.

3. The method of claim 1, wherein a gas containing :

" 'NHj3and ByHg s employed as said raw material gas and -
wherein said hard material belng synthes:zed 1S cuble |
boron: nitride. . |
- 6. The method of claun 1, further cempnsmg prowd- S
ing said base material within said reaction space as a. |
~ substrate for synthesizing said hard material. |

 plate electrodes arranged in parallel and opposue 10

7. The method of claim 6, ‘wherein said base material

- comprises particles having a diameter of about 100 pm-

20

(b) supplylng a raw matenal gas mto sald reactlou' ~ for synthesizing abrasive grains of said hard material.

8. The method of claim 7, further comprising stlmng_ |

- 3._Sald fine particles during:said synthesizing. L
9. The method of claim 1, wherein said partleulare o
 microwave frequency is a frequency w1th1n the range of o

s 300 MHz to 300 GHz.

10. The method of claun 1 wherem saJd partlcular

direction of introducing said microwaves into said reac- |
tion space is such that said microwaves progressina .~

- l-;_dlrectlon parallel to said plate electrodes.

- 11. The method of claim 1, wherein said synthesmmg.- S

 r1ial by said plasma between said plate electrodes. . is carried out with a grewth rate of sa:ld hard matenal of S s

~ at least 5 um/hour.

30

- 12. The method of cl:aum 1, wherem sald synthes:zmg |

~ is carried out. over a surface' area of at least 30 mm .

~ diameter.
3. The method of claim 1, further eompnsmg mlxmg o

o hydrogen gas and an inactive gas and a carbon source -

13. The method of claim 1, wherem sald step of sup-i'?

' 'plymg a raw material gas is camed out at a pressure of - B

at least 10 Terr

I 2 L B
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PATENT NO. : 5,436,036
DATED : July 25, 1995

INVENTORI(S) : shiomi et al.

It is certified that error appears in the above-identified patent and th
corrected as shown below:

at said Letters Patent is hereby

Title page, item [57] Abstract, line 2, replace "use' by ——uses—-.

cCol. 1, line 13, after "+ools” insert --,——;

line 24, replace "material." by --materials.--.

col. 2, line 8, after "frequency" insert ~-domaln--.

col. 3, line 43, after "be” insert —--introduced to progress
in parallel--.

col. 5, line 11, after "arrow A" insert -—-. The--;
line 23, replace "alectro" by --electrodes—-.

7, line 23, after "by" insert --reacting said raw
material gas 1in--.

Signed and Sealed this
Fourteenth Day of November, 1995
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